The occurrence and distribution of selected pesticides and their metabolites were investigated through the collection of 837 water-quality samples from 303 wells across the Midwest. Results of this study showed that five of the six most frequently detected compounds were pesticide metabolites. Thus, it was common for a metabolite to be found more frequently in groundwater than its parent compound. The metabolite alachlor ethanesulfonic acid (alachlor-ESA; 2-[(2,6-diethylphenyl)(methoxymethyl)amino]-2-oxoethanesulfonic acid) was detected almost 10 times as frequently and at much higher concentrations than its parent compound alachlor (2-chloro-2′,6′-diethyl-N-(methoxymethyl)acetamide). The median detectable atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) concentration was almost half that of atrazine residue (atrazine plus the two atrazine metabolites analyzed). Cyanazine amide [2-chloro-4-(1-carbamoyl-1-methylethylamino)-6-ethylamino-s-triazine] was detected almost twice as frequently as cyanazine (2-chloro-4-ethylamino-6-methylpropionitrileamino-s-triazine). Results show that information on pesticide metabolites is necessary to understand the environmental fate of pesticides. Consequently, if pesticide metabolites are not quantified, the effects of chemical use on groundwater quality would be substantially underestimated. Thus, continued research is needed to identify major degradation pathways for all pesticides and to develop analytical methods to determine their concentrations in water and other environmental media.
Introduction
Nonpoint source contamination of water resources from agriculturally applied pesticides in the United States has been a topic of increased environmental concern over the last decade (1, 2) . However, even more recently awareness has been growing that pesticide metabolites could also be contaminating the nation's water resources (3) (4) (5) (6) (7) (8) . Although many of the commonly used pesticides in the United States have either a maximum contaminant level (MCL) or a health advisory level set for drinking water, very few of the corresponding metabolites have had such levels determined (9) .
To better understand the occurrence of pesticides and pesticide metabolites in groundwater, the U.S. Geological Survey (USGS) designed a monitoring network that was geographically and hydrogeologically representative of near-surface aquifers in the corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] producing region of the midwestern United States (5) . Near-surface aquifers are defined as those having their aquifer materials being within about 15 m of the land surface.
In 1991, a strategy was developed to select a reconnaissance network of 303 sampling sites distributed throughout 12 midwestern states ( Figure 1 ). The results of samples collected from this network were used to compare spatial and statistical differences of pesticides and pesticide metabolites in groundwater. The consistency of the site selection, sampling protocol, laboratory methods, time of sampling, and ancillary data collection for this study allowed for a unique investigation of the regional hydrogeologic, spatial, and seasonal distributions of pesticides and pesticide metabolites in near-surface aquifers of the Midwest. Other companion reports were published elsewhere (5, (10) (11) (12) (13) (14) (15) . The purpose of this paper is to summarize all available analytical results obtained from samples collected during 1991-1994 for selected metabolites of alachlor, atrazine, cyanazine, dacthal (dimethyl tetrachloroterephthalate), DDT (dichloro diphenyl trichloroethane), and simazine [2-chloro-4,6-bis(ethylamino)-s-triazine] and discuss their occurrence in groundwater. These parent compounds represent those where at least one of the corresponding metabolites were also analyzed for this study.
Methods
The groundwater reconnaissance network consisted of 303 wells distributed across 12 States (Figure 1) , with the entire network being sampled twice during 1991 (299 wells March-April and 290 wells July-August) (5). Additional water samples were collected from 100 randomly selected wells from the network during July-August 1992 (15) , from 110 wells completed in unconsolidated aquifers during September-October 1993 (14) , and from 38 wells completed in unconsolidated aquifers during July-August 1994.
All samples were collected by USGS personnel using equipment constructed of materials, such as glass and stainless steel, that would not leach or adsorb pesticides (10) . Decontamination procedures, which included the thorough rinsing and cleaning of all equipment, were implemented to prevent cross-contamination between wells and samples. Wells were purged before sampling until pH, water temperature, and specific conductance stabilized. The pumping time to reach chemical stability for each well varied, but required a minimum of 15 minutes. All water samples were stored in amber, baked-glass bottles and chilled upon collection. No other preservation techniques were required. A quality-control program using a series of field blanks, field duplicates, and spikes verified effectiveness of the sampling protocol and the analytical procedures.
Several analytical methods were used during this study to determine concentrations of pesticides and pesticide metabolites in the groundwater samples. All samples were analyzed for 11 herbicides and two triazine metabolites by gas chromatography/mass spectrometry (GC/MS) following solid-phase extraction on C-18 cartridges (16, 17) . The analytical reporting limit for this method was 0.05 µg/L for all compounds. To quantify concentrations of pesticides and pesticide metabolites at reporting limits as low as 0.002 µg/L in selected samples, analytes were extracted by a solidphase extraction method from 1-L water samples (18) . Chlorophenoxy acid herbicides were analyzed in selected samples by methods described in Wershaw et al. (19) . The alachlor metabolite, alachlor ethanesulfonic acid (alachlor-ESA), was isolated by solid-phase extraction and analyzed by enzyme-linked immunosorbent assay (20) . In addition, the cyanazine metabolites cyanazine amide, deethylcyanazine amide [2-chloro-4-(1-carbamoyl-1-methylethylamino)-6-amino-s-triazine], and deethylcyanazine [2-chloro-4-(1-cyano-1-methylethylamino)-6-amino-s-triazine] were isolated and analyzed by a method of solid-phase extraction (21) .
The pesticide metabolites that were available for analysis have the following degradation pathways:
alachlor f 2,6-diethylanaline, alachlor-ESA (3, 20) atrazine f deethylatrazine (DEA; 2-amino-4-chloro-6-isopropylamino-s-triazine), deisopropylatrazine (DIA; 2-amino-4-chloro-6-ethylamino-s-triazine) (22) (23) (24) cyanazine f cyanazine amide, deethylcyanazine amide, deethylcyanazine, DIA (21, 25, 26) dacthal f DCPA acid metabolite (2,3,5,6-tetrachloro-1,4-benzenedicarboxylic acid) (27, 28) DDT f DDE (dichlorodephenyldichloroethylene) (29, 30) simazine f DIA (31)
Results
To determine the occurrence of pesticides and metabolites in water in near-surface aquifers of the Midwest, 837 samples from 303 wells were collected for analysis from March 1991 to August 1994. The frequency of detection for the selected pesticides and their metabolites is given in Table 1 . However, because the analytical reporting limits between these compounds are not consistent, this table may be somewhat misleading. Research has documented an inverse relation between analytical reporting limits and the frequency of pesticide detection (15, (32) (33) (34) . To compensate for this inconsistency, Figure 2 presents the frequencies of chemical detection after adjusting to a common reporting limit of 0.05 µg/L. Other factors that may be affecting the frequency of detection in Table 1 are the amounts of chemical applications being used in crop production in the Midwest (35) and their environmental fate (36) .
At least one of the five parent compounds examined (Table 1) were reported above 0.05 µg/L in 24.4% of the 303 wells sampled. However, when selected metabolites for these five pesticides are considered, the frequency of detection increases to 39.6%. This detection frequency would likely have increased even further if concentrations of all the metabolites examined were obtained for every well. Five of the six most frequently detected compounds for this study were pesticide metabolites ( Figure 2 ). Thus, it was common for a metabolite to be found more frequently in groundwater than the parent compound.
Alachlor. Alachlor is used as a pre-emergent herbicide to kill grasses and broadleaf weeds primarily in corn and soybeans. Although alachlor has historically been one of the more heavily used herbicides in the Midwest (35) , it was detected in only 3.3% of the wells in the entire groundwater reconnaissance network and in 5.9% of the 153 wells analyzed for alachlor metabolites. The alachlor metabolites alachlor-ESA and 2,6-diethylanaline were detected much more frequently than alachlor ( Table 1) . The presence of these alachlor metabolites in groundwater has also been documented in the literature (3, 37, 38) . However, the reporting limit for 2,6-diethylanaline is almost 20 times lower than that available for alachlor (Table 1 ). If a common reporting limit of 0.05 µg/L is used, no concentrations of 2,6-diethylanaline would be reported (Figure 2 ). Consideration of alachlor-ESA changes the observed occurrence of alachlor compounds from scattered to widespread in near-surface aquifers across the Midwest (Figure 3) . Furthermore, as the analytical reporting limits are progressively decreased, there is a progressive increase in the differences in the frequencies of detection between alachlor and alachlor-ESA (Figure 4) . Thus, without the quantification of alachlor-ESA, the effects of alachlor use on groundwater quality becomes increasingly underestimated with decreasing reporting limits. Alachlor-ESA is reported almost 10 times more frequently than alachlor at the 0.05 µg/L level. Previous research has shown alachlor to readily degrade in the soil zone, with much slower degradation rates occurring under saturated conditions (38, 39) . This suggests that the degradation of alachlor primarily takes place prior to transport to the aquifer. The large disparities in the frequencies of detection between alachlor and alachlor-ESA determined for this study appears consistent with the literature. If most of the alachlor degradation occurred after transport to the aquifer, a more even distribution between alachlor and alachlor-ESA would be expected.
Alachlor-ESA appears to be persistent in near-surface aquifers, where about 90% of the wells having alachlor-ESA concentrations exceeding 0.10 µg/L remained above that level during all subsequent samples (1-year time intervals).
The widespread presence of alachlor-ESA in groundwater suggests the possibility that other chloroacetanilide herbicides structurally related to alachlor, such as metolachlor and acetochlor, may also transform through a similar pathway to form important sulfonic acid metabolites (metolachlor-ESA and acetochlor-ESA). Recent research has identified the formation of metolachlor-ESA in soil (40) , which suggests that sulfonic acids could indeed be persistent and mobile degradation products common to chloroacetanilide herbicides.
Atrazine. Atrazine has been the most intensively used herbicide in the Midwest for the last 30 years for both preemergent and post-emergent weed control on corn and sorghum. It was the most frequently detected parent compound for this study (Table 1; Figure 2 ). Two atrazine metabolites, DEA and DIA, also were some of the most frequently detected compounds for this study. The trend, as shown by the frequencies of detection, is supportive of the relative stability of these compounds DEA ∼ atrazine . DIA noted in the literature (8, 41, 42) . Reported concentrations of atrazine and atrazine metabolites reveal a distinct pattern in spatial distribution across the Midwest ( Figure 5 ). These compounds were more frequently detected in the western portion than in the eastern portion of the study region. In contrast to the results for alachlor, consideration of atrazine metabolites does not result in a large increase in the frequency of atrazine detection. Atrazine was detected (g0.05 µg/L) in 22.4%, and atrazine or its two metabolites were detected in 26.4% of the 303 wells sampled. The more even distribution between atrazine and its metabolites than determined for alachlor is related to the slow degradation rates for atrazine, particularly under hypoxic conditions (39, (43) (44) (45) (46) , which allows more of the parent compound to be transported to near-surface aquifers.
Because DEA and DIA are structurally and toxicologically similar to atrazine (47), total atrazine residue (atrazine + DEA + DIA) concentrations may also be an important consideration for their environmental occurrence. The median detectable atrazine concentration (0.15 µg/L, 158 samples) was almost half that of the atrazine residue concentration (0.26 µg/L, 197 samples). The maximum atrazine concentration (2.09 µg/L, Table 1 ) was about 30% below its MCL of 3.0 µg/L (9), whereas the maximum atrazine residue concentration (4.44 µg/L) was about 50% above the atrazine MCL.
Cyanazine. Cyanazine use in the Midwest has been increasing since 1989 (48), with Iowa being among the largest cyanazine use areas (49) . Cyanazine is primarily used on corn to control broadleaf weeds and grasses. Cyanazine was detected in only 2.3% of the wells in the entire groundwater reconnaissance network and in 7.0% of the 100 wells where cyanazine metabolites were analyzed.
Cyanazine amide, a metabolite exclusive to cyanazine, was detected almost twice as frequently as its parent compound in the 100 wells where both cyanazine and cyanazine metabolites were analyzed. This greater frequency of detection suggests an increase in mobility to groundwater after transformation from cyanazine, a finding in agreement with the literature (50) . Figure 6 shows the widely scattered nature of the cyanazine and cyanazine amide detections. No detectable concentrations were reported for the cyanazine metabolites deethylcyanazine amide and deethylcyanazine.
Cyanazine may also degrade to a common atrazine metabolite (DIA) by the loss of the cyanoisopropyl group (21, 26) . It has been suggested that the ratio of DIA-to-DEA (D 2 R) could be used as an indicator of the amounts of cyanazine present relative to atrazine (21, 26) . A Spearman's rank correlation for 62 samples in which a D 2 R ratio could be calculated showed that cyanazine concentration had a significant direct correlation (0.343, p ) 0.0064) and that atrazine concentration had a significant inverse correlation (-0.452, p ) 0.0002) to the D 2 R ratio. This result suggests that, although most of the DIA for this study was derived from atrazine because of its much greater frequency of detection in groundwater, some portion of the DIA likely has originated from cyanazine.
Dacthal. Dacthal is not as extensively used as other herbicides in the Midwest. It is used on cotton, fruits, ornamentals, soybeans, turf, and vegetables. No concentrations of dacthal were reported for this study (Table 1) . However, the DCPA acid metabolites were reported for this study, with occurrences mainly in Nebraska and Iowa ( Figure 7) . The DCPA acid metabolite was the most frequently detected pesticide compound in the U.S. Environmental Protection Agency's National Pesticide Survey (0.10 µg/L analytical reporting limit), with 6.4% of the public supply and 2.5% of the rural domestic wells in the nation estimated to contain this compound (51) . The absence of dacthal for this study is expected because it becomes tightly bound to clay particles and organic matter in the soil and has a low solubility in water (51) . There appears to be a relation between urban-residential land use surrounding the sampled wells and detections of the DCPA acid metabolite. For wells that had >25% of the area within a 400-m radius in urban-residential land use, 62.5% detected the DCPA acid metabolite (five out of eight wells). Thus, nonagricultural uses of dacthal could partially account for DDT. DDT is an insecticide that has been banned from general use in the United States since 1973 because of its tendency to bioaccumulate in the food chain and its toxicity to wildlife (52, 53) . DDT can transform to DDE, an even more toxic compound, through dehydrochlorination (29) . Only concentrations of DDE were obtained for this study, with about 6% of the samples analyzed for DDE reporting this compound (Table 1) . However, no DDE concentrations exceeded 0.05 µg/L (Figure 2 ). The fact that DDE is still detected in groundwater 22 years after the banning of DDT indicates the persistence of this compound in the environment. DDE is known to adsorb strongly to sediment and soil particles (54) . Consequently, transport of DDE to aquifers would not be expected to occur except in hydrogeologic settings that allow rapid groundwater transport. Half of the DDE detections (three of six) were located in Nebraska (Figure 8 ) where sandy soils tend to prevail (55). Furthermore, about 67% of the DDE detections (four of six) were within 400 m of irrigational activities. The frequency of pesticide detection in near-surface aquifers has been found to have a strong relation to crop irrigation (5, 56) . Irrigation artificially increases water input into the system and, thus, potentially causes increased solute transport from the unsaturated zone to the aquifer. However, the relation between irrigation and pesticide detection may not be purely causative. A component of this relation may be because soils being irrigated often have low water-holding capacities (57) . Thus, irrigation is also indicating settings that allow rapid groundwater transport.
Simazine. Simazine is not as extensively used in the Midwest relative to alachlor or atrazine. It is used to control annual grasses and broadleaf weeds in corn and in some fruit and berry production in the Midwest. As with atrazine and cyanazine, simazine can also be transformed to DIA, but at a much faster rate than atrazine (31) . Consequently, the D 2 R may indicate the amounts of simazine present relative to atrazine. However, no significant correlation was determined between simazine concentration and the D 2 R (0.134, p ) 0.299; Spearman's rank correlation). This suggests that simazine dealkylation might contribute little to the amount of DIA in groundwater of this study. A similar trend was reported for a regional study of streams in the Midwest (26) . A map of the simazine detections show a spatial pattern in that 50% (four of eight) were located in Nebraska ( Figure 9 ). 
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